Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
MAY 2010 2 REPORTTYPE 00-00-2010 to 00-00-2010
4. TITLEAND SUBTITLE 5a. CONTRACT NUMBER
Bljanlsotropy of optical metamagnetics studied with spectroscopic £b. GRANT NUMBER
elipsometry

5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Air Force Research Laboratory,Wright Patter son AFB,0H,45433 REPORT NUMBER
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES
Proceedings of CLEO/QEL S 2010, San Jose, CA, USA, May 16-21, 2010

14. ABSTRACT

Sub-wavelength gratings of paired Ag strips are measured and analyzed using spectroscopic ellipsometry,
and show significant angular dependence of the electric and magnetic resonance properties, along with
evidence of bi-anisotropy.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18.NUMBER | 19a NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 2
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



OSA / CLEO/QELS 2010
QWF2.pdf

Bi-anisotropy of optical metamagnetics studied with
spectroscopic ellipsometry

Vladimir P. Drachev, Tom TiwaldT, Josh Borneman, Shumin Xiao, Alexander V. Kildishev,
Vladimir M. Shalaev, and Augustine Urbas*
Birck Nanotechnology Center and School of Electrical and Computer Engineering, Purdue University, West Lafayette, IN 47907, USA
"J.A. Woollam Co., Inc., Lincoln, NE 68508

*Air Force Research Laboratory, WPAFB, OH 45433
vdrachev@ecn.purdue.edu

Abstract: Sub-wavelength gratings of paired Ag strips are measured and analyzed using
spectroscopic ellipsometry, and show significant angular dependence of the electric and
magnetic resonance properties, along with evidence of bi-anisotropy.
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Metamaterials can be considered in general as a bi-anisotropic material where the wave vector is
related to not only permittivity and permeability but also to magneto-electric coupling coefficients. The
constitutive relations for Maxwell’s equations become more sophisticated in this case. They take the form
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discussed earlier [2-4] mainly for metamaterials based on split ring resonators.

We study bi-anisotropic properties of metamagnetics based on subwavelength gratings consisting of pairs
Ag strips [5]. All the demonstrated metamagnetics in the visible range so far were studied for a normal
incidence of light. However the further development of metamaterials for imaging devices requires the
accurate prediction and optimal design of material properties for arbitrary angles of light incidence [6]. We
use a spectroscopic ellipsometry approach, which potentially enables the retrieval of all principal
components of the optical tensors and brings an understanding of new effects and functionality associated
with the oblique incidence of light at the interfaces of metamagnetics and negative index materials with
usual optical materials.

Spectroscopic ellipsometry enables the measurement of angular and polarization dependences of the
magnetic material. Metamaterial prototypes based on sub-wavelength gratings were fabricated by e-beam
lithography similar to our previous experimental samples with a negative permeability in the visible range
[5]- The negative permeability structure is a periodic array of pairs of silver strips 35x100nm separated by
an alumina spacer of 40 nm in thickness. First, the geometry of the periodic thin silver strips is defined by
use of an electron beam writer on a glass substrate initially coated with a 15-nm film of indium-tin-oxide
(ITO). Then, electron beam evaporation is used to produce a stack of lamellar films. The period is about
250nm and the die size is about 500x500 um. The transmission, reflection, and absorption spectra were
measured and also modeled using finite-element method multiphysics (FEM) through commercially
available Comsol Multiphysics software. Due to the semi-infinite nature of the strips, a 2D model was used.
The transmission ellipsometry spectra at different angles (Fig.1) show that the resonance properties of the
paired strips disappear for spectra at 40 and 60 degrees incidence, but is still present for 20 degrees. This is
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Fig. 1. Transmission ellipsometry spectra of the magnetic grating at 0, 20, 40, and 60 degrees of the incident beam (plane of incidence

perpendicular to the strips, p-polarization).

the qualitatively expected result since the projection of the electric field onto the sample plane is reduced as
the angle of incidence increases. Strong angular dependence has been observed also for the reflection
ellipsometry spectra. A significant difference in the ellipsometry spectra for parameters Psi and Delta were
observed between front and rear illumination of the sample caused by the bi-anisotropy of the magnetic
grating (Fig.2).
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Fig. 2. Transmission ellipsometry spectra of the magnetic grating at the front and rear illumination and normal incidence of the beam

(plane of incidence perpendicular to the strips, p-plane).

To summarize, a significant angular dependence of the metamagnetic resonance properties is observed with
spectroscopic ellipsometry along with evidence of bi-anisotropy. All the experimental and simulated data,
including generalized ellipsometry spectra and Mueller Matrix components and their analysis will be
discussed in this talk.

This work was supported by the AFRL Materials & Manufacturing Directorate Applied Metamaterials
Program.
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